ABSTRACT. Optical coherence tomography (OCT),
developed technique uses reflected near-infrared light waves to generate non-destructive cross-sectional images (Huang et al., 1991) . Depending on the optical properties of the sample and the specific instrument configuration, OCT can provide images 1 to 2 mm in depth with 5 to 20 µm resolution. Therefore, OCT combines the advantages of microscopic and non-destructive imaging into a potentially powerful technique for botanical imaging. OCT requires no sample processing, and there is no risk of tissue distortion during processes such as dehydration. Potential applications include research into the morphological and ripening characteristics of botanical subjects and incorporation into quality control systems. Schmitt (1999) reviewed the theoretical basis and several applications of OCT. Most prior applications of OCT have been limited to animal or human tissue. We anticipated that botanical subjects would be ideal candidates for OCT imaging because the presence of large fluid-filled vacuoles might provide greater contrast and depth of imaging than in most animal tissues. Hettinger et al. (2000) used a related technology, optical coherence microscopy (OCM), for botanical imaging. OCM operates on many of the same principles as OCT but uses more complex hardware with high numerical aperture imaging optics and focus tracking to produce higher resolution en face images. This system was successfully used to image and monitor, in vivo, the cellular complex of quickly growing plant shoots and leaves. However, OCT has the advantage that it can more easily be made into a lightweight, portable system with hand-held probes for imaging in the field. The goal of this article is to perform an initial feasibility study of OCT as a tool for non-destructive, invasive, and non-invasive visualization of subsurface structures in botanical subjects.
MATERIALS AND METHODS

SUBJECT PREPARATION AND IMAGING LOCATIONS
Kiwifruit (Actinidia chinensis), orange (Citrus sinensis 'Washington navel'), red-leaf lettuce (Lactuca sativa), and cranberries (Vaccinium macrocarpon) were chosen as exam-S ples for OCT imaging. The subjects used for imaging were all purchased locally at retail sites. The kiwifruit, orange, and lettuce were visually ripe and undamaged. Judged by the color of their flesh, the cranberries were of varying degrees of ripeness. A radial transverse section of kiwifruit was removed from the middle of the subject. The orange was peeled, a segment removed, and a sample taken from the center running along the longitudinal plane. Imaging of both kiwifruit and orange was performed on the cut surface. A portion of the orange peel measuring approximately 2 × 2 cm was cut and imaging performed from the flavedo side. For ease of handling, a section of lettuce leaf measuring approximately 2 × 2 cm and including both vein and blade was cut. Imaging was performed by scanning along the top of the vein and across the blade on the abaxial side.
Since the skin of cranberries is relatively thin, allowing it to be imaged along with the flesh, intact berries were imaged. Cranberries were imaged along multiple planes with similar results. The berries were first imaged with OCT, and then cut in half to ascertain ripeness level based on flesh color (skin color being a less reliable indicator). Presented in this article is a series of cranberries: an unripe cranberry with white flesh, a rosy-fleshed cranberry, a cranberry with dark red flesh, and an overripe cranberry with wrinkles. Additionally, one of the presented images is the result of a scan of a cranberry with a relatively common defect, black rot, which is caused by a fungus that makes the cranberry swell and its interior liquefy. All subjects were imaged with the OCT system and later photographed using a digital video camera. Morphological identification of features was made by comparing OCT images to structural diagrams and conventional micrographs found in Esau (1953 Esau ( , 1977 , Bold et al. (1980) , and Monselise (1986) .
OPTICAL COHERENCE TOMOGRAPHY IMAGING
OCT is a form of low-coherence interferometry. In a typical manifestation, a low-coherence light source illuminates the sample and a reference mirror in a Michelson interferometer arrangement ( fig. 1 ). Specifically, we utilized a superluminescent diode with a center wavelength of 1300 nm and a full-width half-maximum (FWHM) bandwidth of 50 nm (SLD 56, Superlum, Moscow, Russia) . This near -infrared beam was combined with a red aiming beam (LD-635-21B, Newport Corp., Irvine, Cal.) using a custom fiber wavelength division multiplexer (Gould Electronics, Inc., Millersville, Md.). The combined light was coupled into the source arm of a 2 × 2 fiber beamsplitter (F-CPL-F22135, Newport Corp.). Half the light was directed to the measurement arm, where the light was focused onto the sample using standard lenses. The other half of the light was guided to the reference arm, where the light was collimated and incident on a moving reference mirror. For applications where imaging speed is unimportant, a mirror mounted on a computer-controlled translation stage is adequate. In our case, a retroreflector mounted on a galvanometer provided approximately 3 mm of pathlength modulation at a rate of 14 Hz. Alternative designs, such as a Fourier domain optical delay line, can enable scanning speeds of several kHz and video rate imaging (Rollins et al., 1998) .
The light reflected from the sample and the reference mirror recombined in the fiber beamsplitter and was detected by a photodetector (2011FC, New Focus, Santa Clara, Cal.). Maximal interference occurred when the optical pathlengths traveled to/from the reference arm mirror and to/from a reflecting site in the sample were exactly equal. If the source were an ideal laser (monochromatic and infinite coherence length), then interference maxima would also occur as the reference mirror was moved to create a difference in optical pathlength equal to any integer multiple of the wavelength of the laser. However, because the superluminescent diode had a short coherence length, the magnitude of the interference fringes rapidly decayed as the reference mirror was moved away from equal optical pathlength. In our case, the coherence length of the diode, and the full width at half maximum of the envelope of the interference fringes, was approximately 16 µm. This number is defined as the axial resolution of the system. Therefore, unlike conventional microscope systems, the axial resolution in OCT systems is independent of the measurement arm optics.
To obtain an image of a biological sample, the reference arm mirror was moved at a constant speed. The detector signal then consisted of a DC term and an interferometric term given by the form:
where A(t) = amplitude of the signal, which was dependent on the reflectivity of the sample at the optical pathlength (depth) corresponding to the position of the reference mirror. φ(t) = phase of the signal, which was ignored in the conventional OCT images shown in this study. f D = fringe frequency, which was a function of the speed of the reference mirror (V) and the center wave length of the source (λ o ):
To obtain A(t), the DC term of the signal was filtered and the signal demodulated at f D , in our case by using a lock-in amplifier (SR810, Stanford Research Systems, Sunnyvale, Cal.). Thus, one depth scan, or column, of the image was obtained every time the reference arm was moved. To create two-dimensional images of the sample, either the beam in the measurement arm could be swept over the sample using a galvanometer-mounted mirror, or (in our case) the sample was moved on a computer-controlled translation stage under the beam. The signal from the lock-in amplifier was digitized by a data acquisition board (PCI-MIO-16E-4, National Instruments, Austin, Texas), and the image was assembled and displayed on a computer monitor. LabVIEW software (National Instruments) was used for data acquisition and processing, as well as for controlling the galvanometer and translation stages. For a more complete description of the theoretical basis for OCT, consult Izatt et al. (1996) As previously mentioned, the axial resolution of our system was 16 µm. The lateral resolution was determined by the spot size created by measurement arm focusing optics. In our case, the lateral resolution was 14 µm. The OCT images obtained in this study were either 4 or 6 mm in width and 2 mm in optical depth. The figures have been scaled assuming a sample index of refraction of 1.4, which gives a physical depth of approximately 1.4 mm. In all cases, 100 depth scans per millimeter, and 512 points per depth scan, were obtained, so the pixel size is smaller than the resolution of the system. The power incident on the sample was less than 400 µW. Imaging time was approximately 30 to 40 s.
RESULTS
Figures 2a and 2b are OCT images of sectioned kiwifruit. These and the following OCT images are labeled in millimeters on the x and y spatial axes. The large dynamic range of the OCT signal is compressed with a logarithmic operation, and the grayscale (pixel intensity) is given in decibels (dB). Figure 2a runs along the outer pericarp, and figure 2b was obtained by scanning across the inner pericarp and the top of a seed. Following Monselise (1986) , figure 2a appears to show many thin-walled parenchymatous cells. The fluid-filled and non-reflective vacuole occupies most of the volume of the cell, and in our studies appeared to be the only subcellular structure definitively resolved with OCT. The bright outlines of the dark vacuoles must include the vacuole tonoplast, cell wall, and other organelles. Since the lateral resolution of the OCT system was 14 µm, the "thickness" of the image is also 14 µm, and apparent variation in the size of the cells is at least partially due to optically sectioning the cells at random locations. In figure 2b , some internal structure of the seed is visible. The top (most superficial) layer of the seed is the locule wall. The curvy higher-reflecting layer below is consistent with the appearance of the outer integument. Another bright boundary is seen at the endothelium, and the signal is attenuated in the endosperm.
Figures 3a and 3b are images from the orange sample. The juice sac of an orange is contained by a membrane that is visible to the naked eye. These membranes are seen as heavy white lines in the OCT images. Many approximately 100 to 300 µm diameter vacuoles, which appear dark (unreflective) on OCT images, are seen. the epidermis of the flavedo, which normally covers the glands. Figure 5 is an image of red-leaf lettuce. The elevated portion on the left is the lettuce vein, and the right side is the lettuce blade. The cells in the blade and vein appear different. The cells in the vein are much larger, and the dark vacuoles are well defined. However, the cells in the blade are smaller than can be resolved with the OCT system, and the reflection from this area is fairly uniform, except from the topmost epidermal layer. Since lettuce leaves do not have a particularly thick cuticle, and have a high water content, they are excellent leaf subjects for OCT.
Twenty-five cranberries were imaged; the results given here are typical. Figure 6a is an image taken from an unripe cranberry with white flesh. The cranberry flesh has a distinct texture, with many bright dash-like features probably arising from the boundaries of small vacuoles. The OCT image of the rosy-fleshed fruit is shown in figure 6b . Near the skin, figure 6b is similar to figure 6a, but deeper into the cranberry, larger regions of non-reflectivity are seen. An image of the overripe cranberry with dark flesh is shown in figure 6c . This image shows less internal structure, and the surface reflection is thicker than in the previous images. A dried and wrinkled overripe cranberry yielded figure 6d. This image was taken on a smooth section of skin so that wrinkles, a feature visible to the naked eye, are not the main feature, although a small wrinkle is located at the position of the arrow. The surface reflection is thickened, and there are regions of nearly uniform reflectivity interspersed with clusters of large, rounded non-reflective areas. Finally, the cranberry affected by black rot is shown in figure 6e . The surface reflection is thickened, and the flesh has a unique texture, with blurry and inhomogeneous features seen.
DISCUSSION
This survey of botanical subjects, while preliminary, provides evidence that OCT is a useful tool in the study of microstructure. Morphological aspects important to botany such as seed characteristics, cell size, and vacuole shape are clearly visible in several images. The relatively high resolution of OCT allows for more precise measurement of morphological aspects than is possible with other non-destructive imaging techniques. In subjects with thick skin and rinds, invasive imaging was required, but non-invasive studies of leafy subjects or thin-skinned fruits appear to be possible. The ability to non-invasively image the same subject over time may facilitate opportunities for unique research into botanical growth. With the application of hand-held probes now under development, field studies assessing environmental conditions, for instance, will be possible. Even where cut sections are required, the non-destructive nature of OCT means that the same sample can be imaged and then destructively processed for other tests.
The images shown in this article illustrate many of the characteristics of OCT. For instance, one of the orange images ( fig. 3b ) clearly shows how little is visible under the thick white membrane that runs diagonally across the picture because this highly turbid structure has reflected or absorbed most of the source light. This shadowing phenomenon can also be seen to a lesser degree in figure 3a . In addition, only the flavedo of orange skin was imaged. The albedo is opaque to OCT and is not shown. Although the albedo contains vascular tissue, there are no large bodies of liquid or vacuoles present. The source is absorbed and scattered quickly, allowing little transmission into the tissue. On the other hand, dark structures do not necessarily cause rapid attenuation of the OCT's near-infrared light, as the image of the black kiwifruit seed in figure 2b shows.
It appears that OCT images of cranberries in various states of ripeness have unique features, although it remains uncertain what is causing the changes. In microscopy of grape berries at different stages of development, no difference in cell wall thickness can be seen with light microscopy, although cell size is generally larger. Additionally, the weight of cell wall isolated per gram of fresh weight berries steadily decreases throughout development (Nunan et al., 1998) . In the softening stage of ripe apples and pears, electron micrographs present a breakdown of the fribillar material in the cell wall, the middle lamella, and vesicles in the cell wall (Ben-Arie et al., 1979) . These changes decrease the number of index of refraction mismatches throughout the fruit tissue, and would cause a change in the appearance of OCT images. If similar changes occur in ripening cranberries, then this may explain the decrease in bright dash-like features in the images of ripening and softening cranberries.
The broadening of the surface reflection from cranberries appears throughout the series, and may be due to skin thickening. It cannot be postulated that this thickened layer simply attenuates the OCT source light and gives the appearance of a reduced subsurface reflectivity in figure 6c to 6e, because scans taken on cut surfaces of overripe cranberries yielded similar low-reflectivity images. In figure 6d, the dehydration of the fruit may be responsible for the fairly uniform bright regions seen on the center and sides of the OCT image. If cells have shrunk, then their walls will be closer together and the main source of contrast, the cell vacuole, will be no longer apparent. As the cell size approaches the OCT system resolution, individual cells will no longer be seen, only reflection from the packed walls. In figure 6e (the cranberry affected with black rot) , swelling of the cells and breakdown of the cell walls may be responsible for the blurry, inhomogeneous texture.
OCT is a powerful imaging technology, but it also possesses several limitations. As previously mentioned, OCT has limited depth of imaging (1 to 2 mm in the subjects examined here). Non-invasive imaging of botanical samples is only possible for a subset of fruits and vegetables. OCT can image through the skin of certain thin-skinned fruits, such as grapes and cranberries, and through the cuticle of leaves such as lettuce; however, it is not possible to image through the outer layer of many other subjects, such as the orange presented in this article. Subjects that are well suited for OCT imaging have high backscattering contrast, for instance large fluid -filled vacuoles (which appear dark in OCT images) embedded in highly scattering tissues (which appear bright). OCT imaging may be unsuccessful in subjects lacking this contrast, or where the structure of the tissue is relatively homogenous at the tens of microns scale.
OCT system parameters other than image size are relatively static. Axial resolution is based on light source characteristics, and lateral resolution is based on the spot size created by the focusing optics of the measurement arm. In practice, neither of these parameters is dynamically changed. Furthermore, within a given sample, light scattering, absorption, and imaging depth are largely related to the wavelength of the source, which is normally fixed. Broadband light sources suitable for OCT imaging are available at only a limited number of wavelengths in the near-infrared, so possibilities for multispectral imaging are limited.
Despite potential drawbacks, this study has demonstrated the applicability of OCT as a tool for botanical imaging, an application that has not been previously researched. As a fairly recent development, OCT's potential has not yet been fully realized. It has shown great promise in imaging of human and animal tissue, and it is hoped that as a wider population realizes the potential of OCT, new applications for the technology will flourish.
